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INTRODUCTION

Linear DNA plasmids which have identical sequences in
inverted orientation at their termini were found in maize
pollen cells (40, 50), Streptomyces species (26, 29), yeasts
(20, 22, 28, 38, 53), plants (11, 48), and fungi (15, 25, 43, 55,
65, 72). They share this DNA structure with adenoviruses
(62), the Bacillus subtilis bacteriophage 429 (12, 27, 30, 31,
68), and various transposable elements such as Ac, Ds (6,
42), and Spm (53) from maize, Tam elements from Antirrhi-
num majus (3), P-elements from Drosophila cells (46), and
transposons from Escherichia coli and other bacteria (19).
Their mode of DNA replication in some of the viruses (12,
27, 62) and linear plasmids (26, 68) has been studied.

Replication of these DNA elements invariably starts from
terminal proteins covalently bonded to their 5' ends. For
adenoviruses and phage 429, it has been proved that the
DNA polymerase, terminal proteins and DNA elongation
factors are encoded in the viral genome. The adenoviruses
and the S-1 and S-2 linear plasmids (40, 50) from maize
pollen cells are known to be integrated into and excised from
chromosomal or mitochondrial DNA like mobile genetic
elements. It is especially noteworthy that Jung et al. (34, 35)
and Fukuhara (18) recently reported the similarity of DNA
polymerase genes among these linear DNA plasmids, vari-
ous animal viruses, and bacteriophages. The DNA polymer-
ase genes in yeast and maize linear DNA plasmids, pGKL1,
pGKL2, and S-1, as well as in B. subtilis P29, E. coli phages
PRD 1 (34) and T4, adenovirus type 2, vaccinia virus,
herpesvirus, and Epstein-Barr virus, all belong to the family
B DNA polymerase gene sequences, possessing the three
consensus segments, 1, 2, and 3, which are characteristic of
this family of polymerases.

It is convenient to regard these structurally and function-

ally similar DNA elements as a coherent group of genetic
elements; the name invertrons might be suitable to describe
the group. The racket frame model postulated here relates
their DNA structures to their functions. Perhaps members of
this class of genetic elements are closely related.

This type of mobile genetic element is distinct from the
retroviruses and retro-type transposable elements like Tyl in
Saccharomyces cerevisiae, which have direct long terminal
repeats at their ends, are homologous to the retrovirus
reverse transcriptase gene, and exploit an RNA intermediate
for their replication (13).

STREPTOMYCES LINEAR DNA PLASMIDS
pSLA1 AND pSLA2

We have found two linear 17-kilobase DNA plasmids,
pSLA1 and pSLA2, in Streptomyces rochei, which produces
an antibiotic, lankacidin (26, 28, 29). These two plasmids are
almost identical in DNA sequence as judged by hybridiza-
tion, but pSLA1 is 500 bases shorter than pSLA2, which has
been more carefully studied. At each 5' terminus of its DNA,
a terminal protein is covalently attached, which perhaps
serves to initiate DNA replication. The 3' ends are free,
leaving them sensitive to degradation by 3' exonuclease.
These properties are quite similar -to those of adenovirus
DNA (62) and B. subtilis phage +29 DNA (12). pSLA2 DNA
has completely identical sequences at both termini (again
similar to adeno-type viruses) for 614 base pairs (bp), fol-
lowed by 11 boxes of interrupted and inverted identical
repeats extending to 800 bp from both ends. In this review,
this is referred to as the interrupted homologous region (Fig.
1). The racket frame model, postulated for the DNA struc-
ture of this kind of plasmid (Fig. 1), will be discussed later.
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FIG. 1. Invertrons. The inverted terminal repeats, sometimes with the interrupted homologous regions, and terminal proteins are
commonly present among various invertrons. All the mobile genetic elements have been found only in their integrated form in the host
chromosomal or mitochondrial DNA. Therefore, the possible existence of terminal proteins in a free form in the cytoplasm has not been
studied. Symbol: 0, terminal proteins covalently attached to 5' ends.

GIANT LINEAR DNA PLASMIDS FROM VARIOUS
STREPTOMYCES SPECIES

By using orthogonal field alternation gel electrophoresis,
Kinashi et al. found a series of very large linear DNA
plasmids (180 to 590 kilobases [kb]) from various antibiotic-
producing Streptomyces strains; the antibiotic-producing
genes are located on these plasmids (35a, 36, 37). Of these
plasmids, SCP1, whose existence in Streptomyces coelicolor
A3 (2) has been proved genetically by Wright et al. (71), was
reported to be a 350-kb linear plasmid.

Kinashi et al. recently found that SCP1 DNA has inverted

repeats of more than 70 kb on both termini. They also
reported that the two terminal fragments of SCP1 are at-
tached by a protein (H. Kinashi, M. Shimaji, and T. Ha-
nafusa, Abstr. 1990 UCLA Symposium on the Molecular
Biology of Streptomyces. J. Cell. Biochem. Suppl.).
Hopwood and Wright have reported that SCP1 is some-

times integrated into the S. coelicolor chromosome, still
producing the antibiotic methylenomycin A (33). These facts
indicate that the giant linear plasmids from Streptomyces
species belong to the invertron in their DNA structure as
well as in their genetic function.

1 7 kb
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AAAAG GTATAGATAT AGATATATTT TTTATGGGTT TGGAAGGGGG AAGTGGAAGA ATGTATCGTG
66
TAAAAAAAGA GCAAAAAAAA AATTAGATGA GAGAAGGGGA AAAGAGGGGA GTGTATCATG

126
TG AAAAAACCCC TCAAAATCAA GAGAAGCGAA AAAGGGGAGA GTGTATCGTG
178
G GGAAAGTGAA TTTTGAAGAA CAGAAGGGGA AAAGAGGGGA GTGTATCGTC
229
TAAGAAGGG GGTATTATAA CAGAAGGGGA TATTGGTAGA GTGTATTGAA

278
AA TGTGGCTTAG CAAAAATAGA AAAAGGGTAA AAAATGGGGG ATAAAAAAAA GAAAAAAACG GTATTAAGGG GAGAAGGGGA AAAGGGTAGA GTGTATCGTG

380
CA AAAAGTGAGT TCAAAATGAA GAGAAGGGGA AAAGGGTAGA GTGTATCGTG

432 483
GGG GAAAGTGAGT TT AAATGAA GAGAAGGGGA AAAGGGTAGA GTGTATCGTG

ITR

FIG. 2. Inverted terminal repeats (ITR) on the both ends of pSKL plasmid DNA (14.2 kb) from Saccharomyces kluyveri IFO 1685 (38).
They have 483-bp identical sequences invertedly on both their ends. Within these repeats, there are eight components of the same 30-bp
sequences tandemnly, which suggests that the inverted terminal repeat had elongated its sequence through a slippage mechanism of DNA
replication. The identity of both terminal sequences suggests the occurrence of recombination events on both termini, which requires the
previous juxtaposition of both terminal sequences.

YEAST LINEAR DNA PLASMIDS pGKLl, pGKL2,
AND pSKL1

Two kinds of linear DNA plasmids, pGKL1 and pGKL2
(18, 20, 22, 35, 53), 8,874 and 13,457 bp long with terminal
inverted repeats of 202 and 184 bp, respectively (32, 56),
were found in the yeast Kluyveromyces lactis. The longer
plasmid, pGKL2, is responsible for the replication and
maintenance of both plasmids, because the shorter one,
pGKL1, is dependent on the coexistence of pGKL2 to be
transformed into and propagated in S. cerevisiae (21, 53); on
the other hand, pGKL2 can exist independently in some S.
cerevisiae clones transformed with mixtures of the two
linear plasmids. These plasmids are incompatible with the
mitochondria in S. cerevisiae cells: they cannot replicate in
the presence of mitochondria, but they can do so in K. lactis
cells (23, 61).
The shorter pGKL1 DNA produces a protein toxin that

kills S. cerevisiae, Candida utilis, Candida tropicalis,
Hansenula anomala, Kluyveromyces fragilis, and K. lactis
organisms that lack these two plasmids (59).
The 8,874-bp sequence of pGKL1 has been reported to

have four open reading frames (ORFs) (32, 53, 57, 60); the
second ORF and the leftmost ORF code for the three
subunits of the toxin protein. The only ORF transcribed in
the opposite direction codes for the immunity protein (63).
The toxin protein acts on membrane preparations of S.
cerevisiae in vitro and stops the synthesis of cyclic AMP
(59). The rightmost ORF perhaps codes for the family B
DNA polymerases which also are found in PRD and P29
phages, S-1 plasmid, adenovirus, and other animal viruses
(18, 34, 35).
The longer pGKL2 has also been sequenced recently (64).

It is 13,457 bp long and has 10 ORFs. ORF2 has three
consensus segments with family B DNA polymerases, and
ORF6 has homology with RNA polymerases (70).

Kitada and Hishinuma (38) have found a linear DNA
plasmid of the same character, pSKL, from Saccharomyces
kluyveri. It is a 14.2-kb plasmid, with identical inverted
terminal sequences of 483 bp at both termini. On its 5' ends
large terminal proteins are covalently bonded. It is interest-
ing that within the inverted terminal sequences, there are
eight tandemly repeated sequences of 30 bp, AAGA

GAAGGGGATATTGGTAGAGTGTATCGTG (Fig. 2).
This suggests that the inverted terminal sequences of these
linear plasmids arose by the process of slippage during DNA
synthesis.

It is also interesting that the terminal 13-base sequence of
pSKL is the same as that of pGKL2 found in K. lactis. The
physiological function of the pSKL plasmid is not known.
pSKL has recently been sequenced by Hirai and Hishi-

numa (K. Hirai and F. Hishinuma, Nucleic Acids Res., in
press). The genome resembles that of pGKL2, having 10
ORFs with similar lengths and orientations to those in
pGKL2; the DNA homology between the plasmids is 55%.

IDENTITY OF BOTH TERMINAL SEQUENCES MAY BE
CAUSED BY RECOMBINATION

The complete identity of the terminal sequences of all
linear DNA plasmids and adenoviruses strongly suggests
that recombination events have occurred during the evolu-
tionary process of formation of these long terminal repeats.
The recombination event occurs only between the two
double-stranded DNAs of same or similar sequences which
have been juxtaposed closely, forming a parallel allignment
of the two double strands. This property strongly supports
the racket frame model discussed below.

MAIZE LINEAR DNA PLASMIDS S-1 AND S-2
Levings and co-workers (40, 50) found similar types of

plasmids in sterile pollen cells of maize; these reversibly
excise from and insert into the mitochondrial DNA like
mobile genetic elements and adenoviruses. They have in-
verted identical terminal sequences of 208 bp on both their
ends. At their 5' termini, terminal proteins are bonded
covalently. S-2 plasmid DNA has been fully sequenced. It
has 5,452 bp, with one uncharacterized ORF and one ORF
which has the three consensus segments of family B DNA
polymerases.

OTHER SIMILAR PLASMIDS
Similar types of linear DNA plasmids have been found in

the fungi Ascobolus immersus (15), Claviceps purpurea (65),
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Rhizoctonia solani (25), Morchella conica (43), Pleurotus
ostreatus (72), and Lentinula edodes (55), and in the plants
Sorghum bicolor (48), Brassica campestris, and Brassica
napus (11). All these plasmids share the two common
characteristics of the inverted terminal repeats of DNA and
covalent bound terminal proteins at the 5' ends. Another
characteristic property of this type of plasmid is the unusu-
ally high copy number in the host cytoplasm.

ADENOVIRUSES AND B. SUBTILIS 429
Adenoviruses and B. subtilis 4)29 have features in common

with each other and with linear DNA plasmids. The DNA
structure of adenoviruses and its physiological function have
been well studied (5, 16, 17, 49, 72). In viral form the DNA
has identical inverted terminal repeats about 100 bp long.
The actual lengths of the inverted-repeat regions differ
slightly among viral strains. To their 5' ends, terminal
proteins of 55 kilodaltons are covalently attached. The
terminal protein, DNA polymerase B family, DNA-binding
protein, topoisomerase, and others are encoded in the viral
genome. DNA replication starts from the 80-kilodalton pre-
curser terminal protein; this protein attaches noncovalently
to the terminus of the linear DNA, recognizing a DNA site of
10 bases very close to the end. As shown by electron
microscopy, covalently bonded, newly synthesized DNA
begins at the precurser terminal protein and elongates to the
other terminus by displacement replacement (10).
Three other proteins of host origin, nuclear factor 1 and

origin-specific binding proteins A and C, bind specifically to
each of the three terminal domains, domain B (nucleotides
19 to 40 from both termini), domain A (nucleotides 1 to 18
from both termini), and domain C (nucleotides 41 to 51 from
both termini), respectively. The binding of these cellular
DNA-binding proteins increases the efficiency of viral DNA
replication by more than 30-fold (52, 69). Thus, these site-
specific binding proteins must act within the terminal in-
verted regions of this type of genome. The terminal proteins
and the binding proteins are reported to be capable of
cohesion to each other (4); this interaction adds further
support to the racket frame model of function of this class of
genetic elements.
When these viruses infect animal cells, their DNA can

sometimes be integrated into and then excised out of the host
chromosomal DNA at nonspecific sites in a manner similar
to that of maize linear plasmids and transposable elements.
Frolova and Zalmanzon (16) concluded that the viral DNA
ends come together and insert into various sites on the
cellular DNA. The sites differ among cell lines, and there is
no common sequence between host and viral DNA. To-
gether, these facts strongly support the formation of racket-
frame-shaped DNA (Fig. 3); the recognition of integration
sites occurs, perhaps, by protein-DNA interaction.

In some transformed cell lines the viral DNA has been
completely excised and eliminated from the host genome.
Still, these cells retain their oncogenic phenotype upon
injection into hamsters, perhaps through previously trig-
gered mechanisms that bring about oncogenic transforma-
tion (39).
A bacterial virus, 4)29, which infects B. subtilis and

propagates only virulently, has been studied intensively by
Salas and co-workers (12, 27) and Watabe and Ito (68). The
viral DNA is linear, and terminal proteins are covalently
bound to the 5' termini. Hirokawa et al. (30, 31) have studied
the physiological function of the terminal protein, which
binds to DNA polymerase and maintains the transfectivity

Interrupted homologous region

FIG. 3. Racket frame model. The inverted terminal sequences
vary from 10 to 1,000 bases. However, the interrupted homologous
region that is present in some cases may bind with juxtaposing
proteins. Symbols: 0 terminal protein which initiates DNA replica-
tion and itself has a cohesive nature; O, O, 0, (i, ®,
juxtaposing proteins which recognize and bind to the specific DNA
sequences and stick together after their binding to DNA.

and replication ability of the phage genome. The DNA has
6-bp inverted terminal repeats and seven interrupted and
invertedly homologous regions composed of 2- to 6-bp
sequences (Fig. 1). The viral DNA codes for the terminal
protein, DNA polymerase B family, DNA elongation factor,
and other proteins. The terminal protein attaches to the
termini of DNA by recognizing the 10 terminal bases. DNA
replication initiates and elongates from protein. The terminal
proteins have the property of mutual cohesion (27).

TRANSPOSABLE ELEMENTS: MEMBERS OF THE
INVERTRON GROUP

Many mobile genetic elements and transposons share the
genetic structure and basic function with adeno-type viruses
and linear DNA plasmids. These elements possess identical
inverted terminal repeats, often followed by interrupted
homologous regions in inverse orientation at their ends (Fig.
1).
Many transposons ofE. coli have inverted terminal re-

peats of ca. 40 bp (19). The maize mobile genetic elements
Ac and Ds were studied extensively by McClintock (42), and
their DNA has been sequenced by Doering and Starlinger
(6). They have a common terminal sequence of 11 bp and
four interrupted homologous regions at their termini. An-
other mobile element from maize, Spm, has been studied and
sequenced by Schwarz-Sommer et al. (54). It has 13-bp
inverted terminal repeats with four interrupted homologous
regions.
Tam 1 and certain other elements from Antirrhinum majus

have been identified by Bonas et al. (3) as factors giving
unstable changes in flower color and chalcone synthetase.
Tam 1, Tam 2, and Tam 3 have 13-bp inverted terminal
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sequences which are almost identical with those of Spm. It
also has three interrupted homologous regions.
Two mobile genetic elements, Le 1 and Le 2, have been

found by Vodkin et al. (67) in the lectin gene of soybean
plants. These elements have 9-bp inverted terminal se-

quences followed by one interrupted homologous region
composed of a 17-bp sequence.
A group of transposable elements with inverted terminal

repeats has been found in a cell line of the insect Drosophila
melanogaster (14). These P elements have been sequenced.
A typical one is 2,906 bp long, with perfect inverted terminal
repeats of 31 bp and four ORFs of 297, 714, 792, and 655 bp.
These P elements can be inserted at various hot spots in the
insect chromosomal DNA and can be excised again to
restore the wild-type DNA sequence. These elements are

useful genetic vectors for the molecular breeding of Dro-
sophila cell lines, Drosophila embryos (51) and other organ-

isms.
A transposable element of 3 kb, TU1, has been found

within a histone H2B pseudogene in the sea urchin Strongy-
locentrotus purpuratus (41). This element has imperfect
terminal repeats, 840 bp long, flanked by 8-bp direct repeats
of the H2B gene.

Since free forms of these mobile genetic elements have
never been isolated, there is no knowledge about the possi-
ble presence of terminal proteins.

Within the genomes of various transposable elements, no

DNA polymerase gene has been detected. This lack may

reflect the fact that these mobile genetic elements do not

multiply vigorously in the cytoplasm. No genetic similarity
of transposases from different transposable elements has
been reported.
Adenoviruses and maize linear DNA plasmids S-1 and S-2

share with mobile genetic elements the ability to insert into
and be excised from their host chromosomal or mitochon-
drial DNA. This characteristic and the similarities in the
terminal structures could justify grouping these genetic
elements within one group structurally, functionally, and
evolutionally. An appropriate name for them would be
invertrons. The structures of known invertrons are summa-

rized on Fig. 1.

RACKET FRAME MODEL

We have postulated the racket frame model for replication
of this kind of linear DNA genome that possesses identical
sequences in inverse orientation at both ends (Fig. 3) (28,
53). The handle area has the structure of quadruple-stranded
DNA composed of two double-stranded DNAs of identical
sequences juxtaposed by the mediation of proteins.
The presence of site-specific binding proteins in the in-

verted terminal region of adenoviruses was reported by
Wides et al. (69), Rosenfeld et al. (52), de Vries et al. (8),

Harris and Hay (28), and Stillman et al. (58) as nuclear factor
1 and origin-specific binding proteins A and C. These authors
reported that the specific binding of these proteins to the

terminal area of the viral genome enhances the efficiency of
DNA replication initiation more than 30-fold. They also

reported that these specific binding proteins, by themselves,

are cohesive. This fact, along with the cohesive nature of

terminal proteins reported for adenoviruses (62) and P29
phage (27), supports the racket frame model.
The flash-ended quadruple-stranded DNA theoretically

cannot exist as pure DNA. However, such an alignment of
two identical or similar double-stranded DNAs does occur in

nature. One example is in the recombination ofDNA. Before

the recombination occurs, juxtaposition of two similar or
identical sequences of double stranded DNA must occur. A
visible proof would be the Drosophila salivary chromo-
somes, in which the parallel arrangement of many strands of
identical sequence, with the aid of chromatin proteins, forms
the visible giant chromosome. Another example would be
meiosis in eucaryotic cells, in which a pair of parental alleles
juxtapose before recombination occur.

The juxtaposition of two or more identical double-
stranded DNAs can occur through the mediation of juxta-
posing proteins, which we have postulated (53). Juxtaposing
proteins would bind to specific sites on the DNA and adhere
like identical subunits of enzymes; this does occur in the
case of adenovirus-specific binding proteins A, C, and factor
1. These characteristics of juxtaposing proteins allow the
formation of quadruple-stranded (or more) DNA of identical
sequence. Electron-microscopic studies on the replication of
B. subtilis+29 DNA by Hermoso and Salas (27) and of our
S. rochei pSLA2 linear DNA plasmid showed that DNA
replication always starts only from one end, never occurring
from both ends before one cycle of replication has been
completed. This observation is most readily comprehensible
by postulating that the DNA replication machinery recog-
nizes and binds to the quadruple-stranded DNA end where
the two terminal proteins are located. The presence of a
newly synthesized DNA strand could lead to structural
changes in the terminal complex and perhaps prohibit further
binding of the replication enzyme complex.

Levings et al. succeeded in obtaining an electron micro-
graph of the racket frame-like structure of the S-2 linear
plasmid DNA (C. S. Levings, personal communication).

This racket frame model would also be suitable for under-
standing the molecular mechanism by which mobile genetic
elements insert into and are excised from the host chromo-
somal or mitochondrial DNA (Fig. 4 and 5).
Some invertrons have shorter inverted terminal repeats.

However, they always possess interrupted homologous re-
gions, which may serve as specific binding sites for the
juxtaposing proteins.

RACKET FRAME MODEL FOR DNA REPLICATION,
INTEGRATION, AND EXCISION OF INVERTRONS

The racket frame model for integration and excision of
invertrons has advantages over the previous straight models.
In Fig. 4, a diagram of a racket frame model for replication,
integration, and excision of linear DNA plasmids and ade-
notype viruses is shown. A newly synthesized proterminal
protein or terminal protein encoded by the genetic element
attaches to the 3' free end of the DNA, and replication starts
from the protein through the specific binding of DNA-
replicating machinery, a replisome to the quadruple-
stranded DNA terminal area which contains two terminal
proteins. DNA replication proceeds by displacement repli-
cation. Integration of many viruses and linear plasmids,
which sometimes occurs into host DNA (16) at various sites,
may occur through the protein-DNA recognition mecha-
nism. This process may need the help of a ligation enzyme
and a gap-filling enzyme. For the excision of the integrated
DNA, the racket frame-shaped DNA structure may form
through the aid of juxtaposing proteins and terminal pro-
teins. Then cleaving enzymes or terminal proteins may
release the invertron as a free form. The stabilization of
integrated DNA might occur through the deletion of the
opposite terminal areas from their major transcribing direc-
tion in adenoviruses (7) or alternatively by heavy mutagen-
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Displacement
replication

cleavingintegration
(Protein-DNA
recognition)

excisi

staggered cut, ligation
DNA polymerization
and filling the gap

deletion and stabilization
FIG. 4. Diagram of DNA replication, integration, and excision of linear DNA plasmids and adeno-type viruses based on the invertron

model. See text for details.

esis in this area of the mobile genetic elements (41). Stabili-
zation through the deletion of the right-hand terminus was
also observed in many pseudogenes originating from retro-
viruses (1, 66) in human cells.

RACKET FRAME MODEL FOR TRANSPOSITION OF
TRANSPOSABLE ELEMENTS (INVERTRONS)

Figure 5 is a diagram of the transposition of transposable
elements or mobile genetic elements according to the inver-
tron model. Transposase, which is usually encoded by the
transposable-element genome, binds specifically to the two
identical, invertedly oriented target terminal sequences.
Possibly, other juxtaposing proteins also bind to that area.
With the aid of these proteins, a racket frame structure is
formed and the transposase cuts one strand of each of the
aligned double-stranded DNAs. DNA polymerase attaches
to the free 3' ends of the cleaved DNA, and replication
proceeds as far as the two racket frames of the double-
stranded DNA. The resolvase, a site-specific recombination
enzyme, exerts an important effect by producing one free
form and another integrated form of the invertron by com-
pletion of the cointegrate type of transposition. The free-
form invertron is then inserted in another target site of host
DNA. In the absence of a resolvase gene in the transposon
genome, the general recombination mechanism of lower
efficiency can liberate the free form and mediate its integra-
tion into other sites on the host DNA (19). The existence of

a free form of the E. coli transposon TnJO (19) has been
reported.

In the case of the simple mechanism of insertion of
transposable elements into other sites of DNA, formation of
the free-form invertron by transposase cleavage of both
DNA strands might play an essential role in transferring the
element to other integration sites. The following points
deserve special consideration.

(i) Random integration may occur at many sites. This
phenomenon can be explained by the mechanism of protein-
DNA interaction rather than homologous DNA recombina-
tion. The transposases or terminal proteins might be able to
recognize many different integration sites.

(ii) There may be point insertion and staggered cut.
Frolova and Zalmanzon (16) concluded that the right and left
ends of the adenovirus DNA molecule are inserted together,
as would be predicted by the racket frame model. This model
can also explain more clearly the integration mechanism of
transposon, especially the first step of transposition in both
simple insertion and cointegration in Shapiro's model (19)
and its modification by Ohtsubo et al. (19, 49), where the
point insertion of transposable elements is not well under-
stood. The invertron model may explain why the staggered
cut occurs in the inserted cellular DNA. The transposase or
terminal proteins bound to the two terminal parts of the
mobile element would cohere and cut the acceptor DNA in a
staggered manner. Their 3' ends are elongated by DNA
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FIG. 5. Diagram of transposition of transposable elements with the invertron model. See text for details.

polymerase and ligated, leaving a short insertion (usually six
or eight bases) that fills up to the gapped DNA. Of course,
some transposase or terminal proteins would be able to cut
the acceptor DNA such that flush ends result and no
insertion segment is produced.

(iii) A transient free form may exist. For both simple
insertion and cointegrate formation, the invertron model
postulates a free-form invertron which exists as an interme-
diate just prior to integration into the target DNA.

(iv) Integrated DNA may be stabilized. The integration of
the adenovirus genome into cellular DNA and its subsequent
stabilization have been well studied. In a human cell line
productively infected with adenovirus type 2, the intact viral
genome was present in the cellular DNA (45); however, most
of the stably transformed cell line exhibited deletions or
inversions, or both, in the right-hand part of adenovirus type
12 DNA (7, 9), placing its major transcribing origin to the
left. This also occurs with transposons. The transposon
TU1, formed in multiple copies in sea urchin chromosomal
DNA, had two terminal inverted sequences of around 840 bp
which differed considerably. Perhaps this integrated trans-
poson is not active.

ANOTHER TYPE OF MOBILE GENETIC ELEMENTS:
RETROTRANSPOSONS

The Ty element in S. cerevisiae represents another type of
mobile genetic element; it is 6 kb long but is flanked by direct

terminal repeats of 334 bp called 8 elements. It is integrated
into the yeast genome at about 30 sites, and its mRNA
constitutes about 5 to 10% of the total poly(A)' mRNA in a
haploid yeast cell (2). Similar types of transposable elements
have been found in certain eucaryotes: the copia elements of
Drosophila species (44), the TED element of Trichoplusiani
(66), and retroviral proviruses (1).
These elements or proviruses share a common distinctive

property: their DNA replicates via RNA through the aid of
reverse transcriptase. The genes for reverse transcriptase
and other genes on the retroviruses and the retrotransposons
have close sequential similarity. Perhaps their ancestors are
retroviruses, as reviewed by Baltimore (1). The two proper-
ties of replication via RNA intermediates and the existence
of direct repeats (long terminal repeats} at both ends set
retrotransposons apart from invertrons as a very different
class of genetic elements.

CONCLUSION
On the basis of structural and functional similarities of

adeno-type viruses, linear DNA plasmids, and transposable
elements, it would be possible to acknowledge the evolu-
tional relationship among these invertrons. Moreover, it is
possible to discern the traces of these genetic elements
within procaryotic and eucaryotic genome structures in their
integrated forms (71a). These elements have exerted impor-
tant roles for the evolution of chromosomal, mitochondrial,
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and other genomes through the processes of translocation,
deletion, recombination, duplication, and elongation of
DNA in procaryotes and eucaryotes, in parallel with the
retrotransposons and retroviruses in eucaryotes and archae-
bacteria.
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